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J e f f r e y  E .  Haas,  Roger  C h a m b e r l i n ,  and  J o h n  H. D i c u s  
N a t i o n a l  A e r o n a u t i c s  and  Space A d m i n i s t r a t i o n  
L e w i s  R e s e a r c h  C e n t e r  
C l e v e l a n d ,  O h i o  44135 
A b s t r a c t  
F o u r  f a c i l i t y  a c t i v i t i e s  a r e  underwa'y a t  NASA 
L e w i s  t o  d e v e l o p  new h y p e r s o n i c  p r o p u l s i o n  t e s t  
c a p a b i l i t y .  Two o f  t h e s e  e f f o r t s  c o n s i s t  o f  
o u p g r a d e s  t o  e x i s t i n g  o p e r a t i o n a l  f a c i l i t i e s .  The 
E o t h e r  two a c t i v i t i e s  w i l l  r e a c t i v a t e  f a c i l i t i e s  
p t h a t  h a v e  b e e n  i n  a s t a n d b y  c o n d i t i o n  fo r  o v e r  
15 y e a r s .  T h i s  p a p e r  d i s c u s s e s  t h e s e  f o u r  a c t i v i -  
t i e s  and  d e s c r i b e s  t h e  new t e s t  f a c i l i t i e s  NASA 
L e w i s  w i l l  h a v e  i n  p l a c e  t o  ; u p p o r t  e v o l v i n g  h i g h -  
speed  r e s e a r c h  p r o g r a m s .  
I n t r o d u c t i o n  
As a r e s u l t  o f  t h e  renewed  i n t e r e s t  i n  h y p e r -  
s o n i c  f l i g h t  m o t i v a t e d  p r i m a r i l y  b y  t h e  N a t i o n a l  
A e r o s p a c e p l a n e  P r o g r a m ,  a c t i v i t y  i s  underway  w i t h i n  
t h e  g o v e r n m e n t ,  i n d u s t r y ,  and  t h e  academe to  d e v e l o p  
expanded  h y p e r s o n i c  t e s t  c a p a b i l i t y .  These e f f o r t s  
c o n s i s t  o f  b u i l d i n g  new f a c i l i t i e s  as w e l l  as  r e a c -  
t i v a t i n g  a n d  u p g r a d i n g  e x i s t i n g  f a c i l i t i e s .  Some 
of t h e  e x i s t i n g  f a c i l i t i e s  h a v e  been  m a i n t a i n e d  i n  
v a r i o u s  c o n d i t i o n s  o f  s t a n d b y  o v e r  t h e  p a s t  15 t o  
2 0  y e a r s  a n d  r e q u i r e  s i g n i f i c a n t  r e p a i r ,  r e h a b i l i -  
t a t i o n ,  a n d / o r  u p g r a d e  i n  o r d e r  t o  b r i n g  them b a c k  
i n t o  o p e r a t i o n a l  s e r v i c e .  A t  NASA L e w i s  R e s e a r c h  
C e n t e r  a commi tmen t  h a s  been  made t o  d e v e l o p  new 
h y p e r s o n i c  p r o p u l s i o n  s y s t e m  t e s t  c a p a b i l i t i e s .  
F o u r  s e p a r a t e  f a c i l i t y  a c t i v i t i e s  a r e  c u r r e n t l y  
u n d e r w a y  t o  p r o v i d e  t h i s  t e s t  C a p a b i l i t y .  Two o f  
t h e  p r o j e c t s  i n v o l v e  u p g r a d e s  o f  o p e r a t i o n a l  f a c i l -  
i t i e s .  They c o n s i s t  o f  a n  e x p a n s i o n  o f  t h e  1- b y  
I - f t  s u p e r s o n i c  wind t u n n e l  t o  p r o v i d e  Mach 6 a e r o -  
d y n a m i c  t e s t  c a p a b i l i t y  a n d  m o d i f i c a t i o n s  t o  t h e  
P r o p u l s i o n  S y s t e m  L a b o r a t o r y  for Mach 6 d i r e c t -  
c o n n e c t  c a p a b i l i t y .  The t h i r d  a c t i v i t y  i s  t h e  
r e a c t i v a t i o n  o f  t h e  H y p e r s o n i c  T u n n e l  F a c i l i t y  
(HTF) a t  NASA L e w i s '  P l u m  B r o o k  S t a t i o n  t o  r e s t o r e  
i t s  o r i g i n a l l y - d e s i g n e d  Mach 5,  6 ,  and  7 p r o p u l s i o n  
t e s t  c a p a b i l i t y .  The f o u r t h  a c t i v i t y  i s  t h e  
p l a n n e d  r e c o n s t r u c t i o n  o f  t h e  2 1 - i n .  H y p e r s o n i c  
Wind T u n n e l  (HWT) k h i c h  was d i s m a n t l e d  a n d  s h i p p e d  
from t h e  J e t  P r o p u l s i o n  L a b o r a t o r y  i n  1988.  Once 
r e c o n s t r u c t e d ,  t h e  2 1 - i n .  HWT w i l l  p r o v i d e  a Mach 4 
t o  1 1  a e r o d y n a m i c  t e s t  c a p a b i l i t y .  
T h i s  p a p e r  w i l l  summar i ze  t h e s e  f o u r  a c t i v i -  
t i e s  a n d  d e s c r i b e  t h e  new t e s t  f a c i l i t i e s  t h a t  NASA 
L e w i s  w i l l  h a v e  i n  p l a c e  t o  s u p p o r t  e v o l v i n g  h i g h -  
s p e e d l h y p e r s o n i c  r e s e a r c h  p r o g r a m s .  
F a c i l i t y  D e s c r i p t i o n s  
I n t r o d u c t i o n  
The f o l l o w i n g  s e c t i o n s  summar i ze  e a c h  o f  t h e  
four  a c t i v i t i e s  a t  NASA L e w i s  underway  t o  d e v e l o p  
new h i g h - s p e e d  ( h y p e r s o n i c )  f a c i l i t y  c a p a b i l i t y .  
F i g u r e  1 i l l u s t r a t e s  how t h e s e  a c t i v i t i e s  w i l l  aug- 
m e n t  e x i s t i n g  NASA L e w i s  c a p a b i l i t y .  B e f o r e  t h e s e  
a c t i v i t i e s  commenced t h e  10- b y  I O - f t  S u p e r s o n i c  
Wind T u n n e l  (SWT) was t h e  l a r g e s t ,  h i g h e s t  speed 
o p e r a t i o n a l  p r o p u l s i o n  f a c i l i t y  a t  NASA L e w i s .  The 
10- b y  I O - f t  SWT i s  c a p a b l e  o f  a maximum Mach 
number o f  3 . 5 .  The 1- b y  1-ft SWT had  a maximum 
Mach number l i m i t  o f  4 . 0  b e f o r e  i t s  u p g r a d e  was 
i n i t i a t e d .  A f t e r  a l l  o f  t h e  new a c t i v i t i e s  a r e  
c o m p l e t e d  NASA L e w i s  w i  1 1  h a v e  f o u r  f a c i  1 i t i e s  
c a p a b l e  o f  Mach 6 and  h i g h e r  t h r o u g h  a c o m b i n a t i o n  
o f  f r e e - j e t ,  d i r e c t - c o n n e c t ,  and w i n d  t u n n e l .  
B r i e f  d e s c r i p t i o n s  o f  m o s t  o f  t h e  e x i s t i n g  f a c i l i -  
t i e s  shown i n  F i g .  1 a r e  f o u n d  i n  R e f s .  1 and  2 .  
1 -  b y  1 -F t  S u p e r s o n i c  Wind Tunne l  
The 1 -  b y  I - f t  S u p e r s o n i c  b l i nd  T u n n e l  
( 1 x 1  SWT) was c o n s t r u c t e d  i n  t h e  e a r l y  1 3 5 0 ' s  as a 
c o n t i n u o u s - f l o w ,  a e r o d y n a m i c  t u n n e l  t h a t  u t i l i z e s  
i n t e r c h a n g e a b l e  t w o - d i m e n s i o n a l  n o z z l e  b l o c k s  to 
a c h i e v e  d i s c r e t e  Mach number s e t t i n g s  o v e r  a r a n g e  
from 1 . 3  t o  4 .0 .  The f a c i l i t y  was u s e d  i n i t i a l l y  
f o r  b a s i c  i n l e t  r e s e a r c h  a n d  c o n c e p t  s c r e e n i n g .  
A l s o .  a c o n s i d e r a b l e  amount  o f  t e s t i n g  was p e r -  
f o r m e d  o n  c o n f i g u r a t i o n s  f o r  m i s s i l e s ,  l a u n c h  
v e h i c l e s ,  and  space  v e h i c l e s ,  i n c l u d i n g  s c a l e d  p o r -  
t i o n s  o f  t h e  M e r c u r y  c a p s u l e s .  The f a c i l i t y  was 
removed from s e r v i c e  i n  1360  and  r e m a i n e d  i n a c t i v e  
f o r  11 y e a r s .  I t  was r e a c t i v a t e d  and  o p e r a t e d  i n  
1972 a n d  1973 ,  a n d  was r e t i r e d  from s e r v i c e  f o r  
a n o t h e r  6 y e a r s .  I t  was r e a c t i v a t e d  a g a i n  i n  1980  
a n d  has r e m a i n e d  o p e r a t i o n a l .  The w o r k  i n  t h e  
e a r l y  1 9 8 0 ' s  c o n c e n t r a t e d  on b a s i c  r e s e a r c h  of 
b o u n d a r y  l a y e r s -  and  s h o c k l b o u n d a r y  l a y e r  i n t e r a c -  
t i o n s .  Much o f  t h i s  w o r k  was o r i e n t e d  t o w a r d  u n i -  
v e r s i t y  g r a d u a t e  s t u d i e s .  I n  t h e  l a s t  s e v e r a l  
y e a r s  t e s t i n g  e m p h a s i s  has  changed  s i g n i f i c a n t l y .  
The 1x1  SWT has  begun  t o  p l a y  a k e y  r o l e  i n  v a r i o u s  
m a j o r  p r o g r a m s  o f  n a t i o n a l  i n t e r e s t  such  a s  t h e  
N a t i o n a l  A e r o s p a c e p l a n e  P r o g r a m  (NASP). I t  has  
become o n e  o f  t h e  m o s t  h e a v i l y  s c h e d u l e d  f a c i l i t i e s  
a t  NASA L e w i s  u s e d  p r i m a r i l y  f o r  s u b s c a l e  i n l e t  a n d  
n o z z l e  componen t  t e s t i n g  a n d  a l s o  t o  o b t a i n  d a t a  
f o r  v a l i d a t i n g  n e w l y - d e v e l o p e d  c o m p u t a t i o n a l  f l u i d  
d y n a m i c s  f l o w  c o d e s .  P, s c h e m a t i c  o f  t h e  f a c i l i t y  
i s  shown i n  F i g .  2 and  a p h o t o g r a p h  o f  t h e  t e s t  
s e c t i o n  i s  shown i n  F i g .  3 .  The 1 x 1  SWT i s  located 
w i t h i n  t h e  NASA L e w i s  E n g i n e  R e s e a r c h  B u i l d i n g .  
A i r  i s  s u p p l i e d  t o  t h e  t u n n e l  from t h e  NASA L e w i s  
c e n t r a l  a i r  s y s t e m  a t  e i t h e r  40 or 150  p s i g .  Down- 
s t r e a m  o f  t h e  d i f f u s e r  t h e  f a c i l i t y  i s  c o n n e c t e d  t o  
t h e  c e n t r a l  e x h a u s t  s y s t e m  w h i c h  p r o d u c e s  a m in imum 
p r e s s u r e  o f  a b o u t  2 p s i a .  E x i s t i n g  n o z z l e  b l o c k s  
a r e  a v a i l a b l e  t o  p e r m i t  o p e r a t i o n  a t  Mach numbers 
o f  1 . 3 ,  1 . 6 ,  2 . 0 ,  2 . 5 .  3 . 0 ,  3 . 5 ,  and  4 . 0 .  The n o z -  
z l e  b l o c k s  a r e  s t o r e d  o n  t h e  f l oo r  b e l o w  t h e  f a c i l -  
i t y  and a r e  r a i s e d  i n t o  p l a c e  w i t h  a h y d r a u l i c  
l i f t .  N o z z l e  b l o c k s  c a n  be changed  and t h e  f a c i l -  
i t y  r e t u r n e d  t o  o p e r a t i o n  i n  a p p r o x i m a t e l y  20 m i n .  
A r a n g e  o f  R e y n o l d s  numbers i s  p o s s i b l e  b y  v a r y i n g  
t h e  a i r  s u p p l y  p r e s s u r e .  The o r i g i n a l  p e r f o r m a n c e  
r a n g e  i s  shown i n  F i g .  4 and  i n d i c a t e s  a maximum 
u n i t  R e y n o l d s  number o f  a b o u t  1 1 . 5  m i l l i o n  p e r  
foot .  
Because of t h e  g r o w i n g  i n t e r e s t  i n  h i g h - s p e e d  
f l i g h t  a n  o p p o r t u n i t y  a r o s e  t o  expand  t h e  1 x 1  SWT 
o p e r a t i n g  e n v e l o p e  t o  enhance  s u p p o r t  of t h e s e  
h i g h - s p e e d  p r o g r a m s .  D e s i g n  changes  were  u n d e r -  
t a k e n  t o  u p g r a d e  t h e  1x1  SWT to  Mach 6 .  T h i s  was 
a c c o m p l i s h e d  b y  a d d i n g  a n  e l e c t r i c  h e a t e r  i n  t h e  
a i r  s u p p l y  l i n e  a n d  f a b r i c a t i n g  new n o z z l e  b l o c k s  
1 
for  Mach 5 . 5  and  6 .0 .  Mach 6 i s  a b o u t  t h e  maximum 
Yach number t h a t  can  be a c h i e v e d  ' k i i t h  a f a c i l i t y  
o f  t h i s  s i z e  t h a t  u t i l i z e s  t w o - d i m e n s i o n a l  n o z z l e  
b l o c k s .  The gap a t  t h e  t h r o a t  i s  v e r y  sma l1  and  
h i g h e r  Mach r lumbers :4ould n o t  be p r a c t i c a l .  
i s  a n  e x i s t i n g  n o z z l e  b l o c k  f o r  Mach 5 . 0 .  However ,  
because  t h e  f a c i l i t y  o r i g i n a l l y  h a d  n o  p r o v i s i o n s  
f o r  h e a t i n g  t h e  i n l e t  a i r ,  t h e  t e m p e r a t u r e  d r o p  
f rom t h e  e x p a n s i o n  t o  Mach 5 was too l a r g e  and 
l ' q u e f a c t i o n  began  t o  o c c u r  i n  t h e  t e s t  s e c t i o n .  
To a c h i e v e  h i g h e r  Mach numbers a 650-kW e l e c t r i c  
h e a t e r  i s  b e i n g  added i n  t h e  a i r  s u p p l y  l i n e .  T h i s  
i s  shown i n  d a s h e d  l i n e s  i n  F i g .  2 .  The a i r  s u p p l y  
o i p i n g  has been m o d i f i e d  t o  i n c l u d e  t h e  h e a t e r  so 
t h a t  e i t h e r  h e a t e d  a i r  e n t e r s  t h e  u p s t r e a m  s u r g e  
t a n k  or v a r y i n g  amoun ts  o f  h e a t e d  a i r  can  be m i x e d  
v i t h  u n h e a t e d  a i r  u p s t r e a m  o f  t h e  s u r g e  t a n k  t o  
p r o v i j e  a r a n g e  o f  t e m p e r a t u r e s .  
b e t w e e n  560 and  1110 "R r i l l  be a c h i e v a b l e .  This 
p e r m i t s  an i n c r e a s e  i n  t h e  R e y n o l d s  number r a n g e  a t  
t h e  l o w e r  Mach numbers as Shown o n  F i g .  4 .  A l s o  
shown a r e  t h e  q e y n c l d s  number- l i m i t s  a c h i e v a b l e  a t  
t h e  Mach 5 . 0 ,  5 . 5 ,  a n d  6 . 0  c o n d i t i o n s .  A t  t h e s e  
h i g h e r  Mach nurrber; t h e  maximum u n i t  R e y n o l d s  num- 
b e r  w i ! l  be  a b c u t  10 m i ! l i o n  p e r  f oo t .  The h i g h e r  
t e m p e r a t u r e  a i r -  r e s u l t i n g  from t h e  h e a t e r  a d d i t i o n  
r e q u i r e d  a w a t e r  s p r a y  s y s t e m  t o  be i n s t a l l e d  i n  
t h e  d i f f u s e r  s e c t i o n .  T h i s  s y s t e m  l o w e r s  t h e  a i r  
t e m p e r a t u r e  t o  n o  %ore t h a n  610 "R b e f o r e  d i s c h a r g -  
i n g  i n t o  t h e  c z n t r a l  e x h a u s t  s y s t e m .  The u p g r a d e  
m c d i f i c a t i o n s  dire n e a r i n g  c m p l e t i o n  and  t h e  f a c i l -  
i t y  i s  e i p e c t e d  to  ue a t  f u l l  o p e r a t i o n a l  c a p a b i l -  
i t y  b y  A u g u s t  1989. 
P r o p u l s i o n  Svs tems  L a b o r a t c r y  
T h e r e  
T e m p e r a t u r e s  
The P r o p u l s i o n  Systems L a b o r a t o r y  (PSL)  i s  
NP'SA's o n l y  a l t i t u d e  e n g i n e  t e s t  f a c i l i t y .  PSL i s  
c a p a b l e  o f  t e s t i n g  l a r g e - s c a l e  a i r b r e a t h i n g  e n g i n e  
sys tems  d n d e r  s i m u l a t e d  a l t i t u d e ,  t e m p e r a t u r e ,  and 
p r e s s u r e  c o n d i t i o n s .  PSL became o p e r a t i o n a l  i n  
i '373.  A s c h e m a t i c  o f  PSL i s  shown i n  F i g .  5 .  The 
f a c i l i t y  c o n s i s t s  o f  two t e s t  chambers ,  d e s i g n a t e d  
PSL-3 and  PSL-4. E o t h  chambers a r e  39 f t  i n  l e n g t h  
and  24  f t  i n  d i a m e t e r .  Each t e s t  l e g  c o n s i s t s  o f  
an i n l e t  s e c t i o n ,  t e s t  chamber ,  and  e x h a u s t  sec -  
t i o n .  The two e x h a u s t  ; e c t i o n s  a r e  j o i n e d  t o  a 
common w h a u s t  p l e n u m  chamber ,  p r i m a r y  c o o l e r ,  and 
s p r 3 y  c o o l e r .  B o t h  chambers  c o n t a i n  t h r u s t  beds  
w i t h  a maximum t h r u s t  l i m i t  o f  100 0 0 0  l b .  Each 
;est  l e g  i s  c o n n e c t e d  t o  The NASA L e w i s  c e n t r a l  
40 and 150 p s i g  compressed  a i r  s y s t e m s .  The a i r  
can  be h e a t e d  t o  1660  " R  o r  c o o l e d  t o  410  " R .  . 4 i r  
i s  e x h a u s t e d  i n t o  t h e  c e n t r a l  e x h a u s t  s y s t e m .  As 
a d i r e c t - c o n n e c t  a l t i t u d e  s i m u l a t i o n  f a c i l i t y  t h e  
o p e r a c i n g  e r v e ! o p e  e v t e n d s  t o  70 000 f t  a l t i t u d e  
and  a Mach P m u e r  :f 3 .  
I n  1985  a c i e c ' s i o n  was made t o  m o d i f y  PSL-4 
t o  p r o t i i d e  a Mach 3 t o  6 d i r e c t - c c n n e c t  t e s t  capa-  
b i l i t y  t o  s u p p o r t  ad i i anced  a i r b r e a t h i n g  h y p e r s o n i c  
p r o p u l s i o n  r e s e a r c h .  M o d i f i c a t i o n s  were  r e q u i r e d  
t o  t h e  i n l e t  a i r  s u p p l y  and  c o n d i t i o n i n g  s y s t e m  t o  
p r o v i d e  t h e  h i g h  p r e s s u r e  and  t e m p e r a t u r e .  The 
m o d i f i c a t i o n s  were  i n c o r p o r a t e d  i n  s u c h  a way t h a t  
PSL-4 can  be r e t u r n e d  t o  i t s  o r i g i n a l  c o n f i g u r a t i o n .  
The f a c i l i t y  d e s i g n  r e q u i r e m e n t s  were p r o v i d e d  from 
p l a n s  a t  t h a t  t i m e  t o  t e s t  an a i r - t u r b o - r a m j e t  
p r o o f - o f - c o n c e p t  d e m o n s t r a t o r .  A s c h e m a t i c  o f  
PSL-4 s h o w i n g  t h e  m o d i f i c a t i o n s  i s  shown i n  F i g .  6 .  
N e w  c o m b u s t i o n  a i r  p i p i n g  was added  t o  i s o l a t e  t h e  
t e s t  c e l l  i n l e t  p l e n u m  from t h e  h i g h  p r e s s u r e  a i r  
and t o  p r o v i d e  a i r f l o w  measuremen t  t h r o u g h  a s y s t e m  
o f  v e n t u r i  f l o w m e t e r s .  The i n l e t  a i r  s y s t e m  p r o -  
v i d e s  a r a n g e  of a i r f l o w s  u p  t o  80 i b / s e c  o v e r  a 
r a n g e  o f  p r e s s u r e  from 1 to  100 p s i a .  E l e v a t e d  
i n l e t  t e m p e r a t u r e  i s  p r o v i d e d  b y  a v i t i a t i n g  
g a s e o u s - h y d r o g e n - f u e l e d  a i r - b e a t e r  'which a l l o w s  
c o n t r o l  of t e m p e r a t u r e  from 560 t o  3460  " R .  The 
a i r  h e a t e r  i s  a f o u r - b u r n e r  d e s i g n  ' d i t h  e a c h  b u r n e r  
b e i n g  s u p p l i e d  b y  a s e p a r a t e ,  c o n t r o l l a b l e  i n l e t  
a i r  s u p p l y .  A gaseous o x y g e n  i n j e c t i o n  s y s t e m  p r o -  
v i d e s  make-up o x y g e n  t o  compensa te  for t h e  combus- 
t i o n  p r o c e s s .  Downstream o f  t h e  h e a t e r  a chamber 
p r o v i d e s  s e t t l i n g  t i m e  and a l l o w s  m i x i n g  o f  t h e  
i n l e t  a i r .  The t e s t  a r t i c l e  d raws  a i r  from t h e  
s e t t l i n g  chamber t h r o u g h  a b e l l m o u t h  i n l e t  d u c t  
s y s t e m .  The d e s i g n  e n v e l o p e  f o r  t h e  Mach 6 m o d i -  
f i c a t i o n  i s  shohn i n  F i g .  7 s u p e r i m p o s e d  o n  t h e  
o r i g i n a l  c a p a b i l i t y .  C o r r e c t  i n l e t  s t a g n a t i o n  con -  
d i t i o n s  a r e  p r o v i d e d  t o  t h e  i n l e t  o f  a t e s t  a r t i c l e  
i n  d i r e c t - c o n n e c t  mode up t o  Mach 6 w i t h i n  a r a n g e  
o f  dynamic  p r e s s u r e  be tween  100 and  1000 p s f .  
A new h i g h - e n e r g y  p r o p e l l a n t  t r a n s f e r  and 
s u p p l y  s y s t e m  was p r o v i d e d  t o  s u p p l y  gaseous  h y d r o -  
gen  and gaseous  o x y g e n  KO t h e  i n l e t  a i r  n e a t e r  and  
t h e  t e s t  a r t i c l e .  Gaseous h y d r o g e n  and  gaseous  
o x y g e n  a r e  a v a i l a b l e  t o  t h e  t e s t  a r t i c l e  a t  
2 . 7 5  and  3.0 l b / s e c ,  r e s p e c t i v e l y ,  a t  a o r e s s u r e  o f  
1000  p s i g .  The a l l o w a b l e  r u n  t i m e  i n  t h e  Mach 3 
t o  6 r a n g e  i s  d e t e r m i n e d  b y  t h e  p r o p e l l a n t  s t o r a g e  
c a p a c i t y .  A t  maximum d e s i g n  p r o p e l l a n t  t r a n s f e r  
r a t e s ,  30 to  60 m i n  of r u n  t i m e  a r e  a c h i e v e d .  I n  
a d d i t i o n ,  k e r o s e n e  f u e l s  and h i g h  p r e s s u r e  me thane  
a r e  a v a i l a b l e  t o  t h e  t e s t  a r t i c l e .  Because o f  t h e  
a d d i t i o n  of gaseous  h y d r o g e n  t o  PSL, a number o f  
s a f e t y  measures  needed t o  be i n c o r p o r a t e d .  T h e r e  
was p a r t i c u l a r  - c o n c e r n  i n  u n b u r n e d  h y d r o g e n  p a s s i n g  
i n t o  t h e  c e n t r a l  e t h a u s t  s y s t e m  e q u i p m e n t .  H y d r o g e n  
d e t e c t o r s  and  d i l u t i o n  a i r  were  added  a t  v a r i o u s  
p l a c e s  i n  t h e  t e s t  chamDer and  i n  t h e  e x h a u s t  s y s -  
tem. H y d r o g e n l a i r  t o r c h e s  were  a l s o  p r o v i d e d  i n  t h e  
t e s t  c e l l  and  e x h a u s t  s y s t e m  t o  f l a r e  a n y  u n b u r n e d  
h y d r o g e n .  Because  of h y d r o g e n  f l a m e  p r o p a g a t i o n  
l i m i t s ,  t h e  t e s t  a r t i c l e  e x h a u s t  p r e s s u r e  i s  m a i n -  
t a i n e d  a t  5 p s i a  and  above  t o  a s s u r e  t h a t  t h e  f l a r e  
t o r c h e s  u i l l  consume any  u n b u r n e d  h y d r o g e n .  Assum- 
i n g  t h a t  t h e  t e s t  a r t i c l e  e x i t  n o z z l e  i s  c h o k e d ,  
t h i s  e x h a u s t  p r e s s u r e  l i m i t a t i o n  does  n o t  s i g n i f i -  
c a n t l y  i m p a c t  t h e  f l i g h t  s i m u l a t i o n  s i n c e  t h e  c 3 r -  
r e c t  i n l e t  s t a g n a t i o n  c o n d i t i o n s  a r e  s e t .  
By t h e  f a l l  o f  1988 t h e  Mach 3 t o  6 m o d i f i c a -  
t i o n s  were c o m p l e t e d  and c h e c k o u t s  i n i t i a t e d .  The 
c h e c k o u t s  w e r e  p e r f o r m e d  u s i n g  a h o l l o w  p i p e  ( d e s -  
i g n a t e d  t h e  " h o t - p i p e " )  w h i c h  i n c o r p o r a t e d  a c a l i -  
b r a t e d  S u p e r s o n i c  Tunne l  A s s o c i a t i o n  n o z z l e  a t  t h e  
e x i t .  The " h o t - p i p e ' '  t e s t  p r o g r a m  d e m o n s t r a t e d  
o p e r a t i o n a l  s t a t u s  of a l l  f a c i l i t y  m o d i f i c a t i o n s  
and  a l l o w e d  t a i l o r i n g  t o  p r o v i d e  t h e  d e s i r e d  f l o w  
q u a l i t y  a t  t h e  t e s t  a r t i c l e  i n l e t .  T h r u s t  and  a i r -  
f low a c c u r a c i e s  a p p r o a c h e d  t h e  d e s i g n  g o a l  of 
1 p e r c e n t .  R a d i a l  and  c i r c u m f e r e n t i a l  v a r i a t i o n s  
o f  t o t a l  t e m p e r a t u r e  and t o t a l  p r e s s u r e  a t  t h e  
t e s t  a r t i c l e  i n l e t  a l s o  a p p r o a c h e d  t h e  d e s i g n  g o a l  
o f  1 p e r c e n t .  
u e r s o n i c  T u n n e l  F a c i l i t y  
v i t i a t e d ,  b lowdown,  f r e e - j e t  f a c i l i t y  c a p a b l e  o f  
t e s t i n g  l a r g e - s c a l e  h y p e r s o n i c  e n g i n e s  a n d / o r  com- 
p o n e n t s  a t  Mach numbers of 5 ,  6 ,  a n d  7 .  HTF i s  
l o c a t e d  a t  NASA L e w i s '  P lum Brook S t a t i o n  a p p r o x i -  
m a t e l y  50  m i l e s  w e s t  of C l e v e l a n d .  
The H y p e r s o n i c  Tunne l  F a c i l i t y  (HTF) i s  a non-  
The f a c i l i t y  i s  
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c a p a b l e  o f  t r u e  t e m p e r a t u r e ,  a l t i t u d e ,  and  a i r  com- 
p o s i t i o n  s i m u l a t i o n .  F i g u r e  8 shows a n  a e r i a l  v i e w  
and  F i g .  9 shows a s c h e m a t i c  o f  HTF. The h e a r t  of 
HTF i s  a gaseous  n i t r o g e n  i n d u c t i o n  s t o r a g e  h e a t e r  
t h a t  i s  d e s i g n e d  to  p r o v i d e  maximum h e a t e r  e x i t  
f l ow c o n d i t i o n s  o f  a b o u t  130 l b / s e c ,  1200 p s i a ,  and  
5000 " R .  Downs t ream o f  t h e  h e a t e r  c o l d  gaseous  
o x y g e n  a n d  c o l d  gaseous  n i t r o g e n  a r e  i n j e c t e d  i n t o  
t h e  h i g h  t e m p e r a t u r e  gaseous  s t r e a m  t o  p r o v i d e  a 
s i m u l a t e d  a i r  c o m p o s i t i o n  a n d  t h e  c o r r e c t  i n l e t  
s t a g n a t i o n  t e m p e r a t u r e  t o  t h e  n o z z l e  i n l e t .  T h e r e  
a r e  i n t e r c h a n g e a b l e  Mach 5 ,  6, and  7 n o z z l e s ,  e a c h  
h a v i n g  a n  e x i t  d i a m e t e r  o f  42 i n .  The i n v i s c i d  
c o r e  d i a m e t e r  o f  t h e  t h r e e  n o z z l e s  i s  a b o u t  2 f t .  
The t e s t  chamber i s  2 5  f t  i n  d i a m e t e r  and  2 0  f t  
h i g h .  The t e s t  chamber i s  e v a c u a t e d  u s i n g  a 
s i n g l e - s t a g e  s t e a m  e j e c t o r .  A d i f f u s e r  i s  u s e d  t o  
p r o v i d e  a d d i t i o n a l  pump ing  c a p a b i l i t y  t o  a c h i e v e  a 
maximum 120  000 f t  a l t i t u d e  c o n d i t i o n .  The t e s t  
chamber c o n t a i n s  a model  i n j e c t i o n  s y s t e m  and  a 
t h r u s t  moun t  a s s e m b l y .  The f r e e - j e t  l e n g t h  of t h e  
t e s t  chamber can  be a d j u s t e d  b y  t r a n s l a t i n g  t h e  
d i f f u s e r .  The maximum l e n g t h  i s  a b o u t  10 f t .  F i v e  
gaseous  h y d r o g e n  r o a d a b l e  t u b e  t r a i l e r  s t a t i o n s  a r e  
a v a i l a b l e  for  e n g i n e  f u e l .  A gaseous  h y d r o g e n  peb-  
b l e  b e d  r e s i s t a n c e  h e a t e r  i s  c a p a b l e  o f  h e a t i n g  
2 . 5  l b / s e c  from a m b i e n t  t e m p e r a t u r e  t o  1660  " R  for  
90 s e c .  The d e s i g n  o p e r a t i n g  e n v e l o p e  f o r  HTF i s  
shown i n  F i g .  1 0 .  A l t i t u d e  i s  p l o t t e d  a g a i n s t  Mach 
number .  L i n e s  o f  n o z z l e  i n l e t  s t a g n a t i o n  tempera -  
t u r e  and  s t a g n a t i o n  p r e s s u r e  a r e  a l s o  shown. The 
d e s i g n  o p e r a t i n g  e n v e l o p e  spans from 68  000 t o  
1 2 0  000 f t  a l t i t u d e ,  70 t o  1200 p s i a  n o z z l e  i n l e t  
s t a g n a t i o n  p r e s s u r e ,  a n d  2200  t o  4200 " R  n o z z l e  
i n l e t  s t a g n a t i o n  t e m p e r a t u r e .  The o p e r a t i n g  enve -  
l o p e  i s  c o n s t r a i n e d  b y  t h e  l i m i t i n g  f a c t o r s  shown. 
O v e r  t h e  r a n g e  o f  f low c o n d i t i o n s ,  r u n  t i m e s  from 
42 s e t  t o  a b o u t  5 m i n  a r e  a c h i e v a b l e .  
HTF o r i g i n a l l y  became o p e r a t i o n a l  i n  1971 .  
From J a n u a r y  1972 t o  May 1974 t h e  A e r o t h e r m o d y n a m i c  
I n t e g r a t i o n  Mode l  (A IM)  v e r s i o n  o f  t h e  H y p e r s o n i c  
R e s e a r c h  E n g i n e  ( H R E )  was i n s t a l l e d ,  c h e c k e d  o u t ,  
a n d  t e s t e d .  O v e r a l l ,  t h e r e  were  5 2  t e s t s  w i t h  a n  
a c c u m u l a t e d  t o t a l  t e s t  t i m e  o f  a b o u t  112 m i n .  
A p p r o x i m a t e l y  30 min o f  t h i s  t i m e  was a t  Mach 7 ,  
a l t h o u g h  t r u e  t e m p e r a t u r e  s i m u l a t i o n  o f  3700 " R  a t  
Mach 7 was n o t  a c h i e v e d  due t o  d e g r a d a t i o n  of t h e  
c a r b o n  i n s u l a t i n g  f e l t  i n  t h e  i n d u c t i o n  s t o r a g e  
h e a t e r .  T h i s  p r o b l e m  was n o t  r e s o l v e d  a t  t h e  t i m e  
due  t o  p r i o r i t y  demands t o  c o m p l e t e  t h e  t e s t  p r o -  
g ram.  A t  t h e  c o m p l e t i o n  o f  t h e  H R E  t e s t  p r o g r a m  
HTF was p l a c e d  i n  a s t a n d b y  c o n d i t i o n .  The k e y  
s t i m u l u s  f o r  c o n s i d e r i n g  r e a c t i v a t i o n  o f  HTF was 
t h e  e v o l v e m e n t  o f  t h e  NASP. Due t o  i t s  b e i n g  i n a c -  
t i v e  for a l m o s t  13  y e a r s ,  a d e t a i l e d  r e a c t i v a t i o n  
s t u d y  was c o n d u c t e d  i n  1986 .  The t h r u s t  of t h i s  
s t u d y  was t o  d e t e r m i n e  t h e  c o s t  e s t i m a t e  t o  r e a c t i -  
v a t e  HTF t o  i t s  o r i g i n a l  d e s i g n  o p e r a t i n g  c a p a b i l i -  
t i e s .  F a c i l i t y  m o d i f i c a t i o n s  t o  r e s o l v e  s e v e r a l  
p r e v i o u s  o p e r a t i n g  p r o b l e m s  were  i n c l u d e d  i n  t h e  
c o s t  e s t i m a t e .  P r i m e  i n t e r e s t  was p l a c e d  i n  e n s u r -  
i n g  r e l i a b l e  i n d u c t i o n  s t o r a g e  h e a t e r  p e r f o r m a n c e .  
Two o t h e r  c o n c e r n s  w e r e  r e c e r t i f i c a t i o n  o f  a l l  of 
t h e  f a c i l i t y  p r e s s u r e  v e s s e l s  and  r e s o l u t i o n  of a 
m i n o r  mode l  e r o s i o n  p r o b l e m  t h a t  o c c u r r e d  d u r i n g  
t e s t i n g  o f  t h e  H R E .  R e f e r e n c e  3 d e s c r i b e s  i n  more 
d e t a i l  t h e  c a p a b i l i t i e s  a n d  h i s t o r y  o f  HTF and  t h e  
r e s u l t s  o f  t h e  r e a c t i v a t i o n  s t u d y .  I n  1987 ,  t h e  
r e s u l t s  o f  t h e  HTF r e a c t i v a t i o n  s t u d y  were  i n t e -  
g r a t e d  i n t o  t h e  NASA Wind T u n n e l  R e v i t a l i z a t i o n  
P r o g r a m .  A FY 1990 C o n s t r u c t i o n  o f  F a c i l i t i e s  
(CoF) d i s c r e t e  p r o j e c t  w i l l  p r o v i d e  $ 4 . 1  m i l l i o n  
of r e a c t i v a t i o n  f u n d i n g .  S i n c e  1987 ,  l o w - l e v e l  
r e a c t i v a t i o n  a c t i v i t i e s  h a v e  been underway  t o  
a d d r e s s  some o f  t h e  i d e n t i f i e d  ! o n g - l e a d  i t e m s .  
Two k e y  a c t i v i t i e s  have  been  t h e  r e p l a c e m e n t  o f  t h e  
i n d u c t i o n  s t o r a g e  h e a t e r  g r a o h i t e  b l o c k s  and  f e l t  
m a t e r i a l  and  t h e  r e t u r n  o f  a 5000 p s i g ,  726 000 
s t a n d a r d  c u b i c  f e e t  gaseous  n i t r o g e n  r a i l c a r  t h a t  
was o n  l o a n  t o  t h e  S t e n n i s  Space C e n t e r .  T h i s  
r a i l c a r  i s  t h e  s u p p l y  v e s s e l  f o r  t h e  i n d u c t i o n  
h e a t e r .  Based  o n  c u r r e n t  s c h e d u l e s  a l l  r e a c t i v a -  
t i o n  a c t i v i t i e s  s h o u l d  be c o m p l e t e d  by  e a r l y  1991.  
An a d d i t i o n a l  6 mon ths  o f  i n t e g r a t e d  sys tems  c h e c k -  
o u t  and  f a c i l i t y  c a l i b r a t i o n  i s  p l a n n e d .  HTF w o u l d  
t h e n  be o p e r a t i o n a l  b y  a b o u t  J u l y  1991 .  
2 1 - i n .  H y p e r s o n i c  Wind T u n n e l  
The 2 1 - i n .  H y p e r s o n i c  Wind Tunne l  (HWT) i s  a 
c o n t i n u o u s - f l o w ,  v a r i a b l e - d e n s i t y ,  a e r o d y n a m i c  t u n -  
n e l  t h a t  u t i l i z e s  a t w o - d i m e n s i o n a l  f l e x i b l e  n o z z l e  
t o  p r o v i d e  a n  i n f i n i t e  c h o i c e  o f  t e s t  s e c t i o n  Mach 
numbers from 4 t o  1 1 .  F i g u r e  11 i s  a p h o t o g r a p h  o f  
t h e  n o z z l e  and  t e s t  s e c t i o n  l o o k i n g  u p s t r e a m .  F i g -  
u r e  12 shows a s c h e m a t i c  v i e w  o f  t h e  HWT. The 
t u n n e l  i s  c l o s e d - l o o p  and  c o n t a i n s  i t s  own f o u r -  
s t a g e  c o m p r e s s o r  p l a n t .  The c o m p r e s s o r s  p r o v i d e  a 
maximum 650  p s i a  t o  t h e  s u p p l y  s e c t i o n .  The s u p p l y  
a i r  t e m p e r a t u r e  can  be v a r i e d  u p  t o  1810 " R  u s i n g  
an e l e c t r i c  h e a t e r .  The t e s t  s e c t i o n  Mach number 
i s  e s t a b l i s h e d  b y  s h i m m i n g  t h e  n o z z l e  t h r o a t  to  t h e  
r e q u i r e d  d i m e n s i o n  and  t h e n  a d j u s t i n g  t h e  u p p e r  and  
l o w e r  w a l l s  from t h e  t h r o a t  t o  t h e  n o z z l e  e x i t  t o  
p r o v i d e  smoo th  c o n t i n u o u s  s u r f a c e s .  The a d j u s t -  
men ts  a r e  m a n u a l l y  p e r f o r m e d  u s i n g  h y d r a u l i c  a c t u a -  
t o rs .  T h i s  p r o c e d u r e  f o r  a c c u r a t e l y  c o n t o u r i n g  t h e  
n o z z l e  w a l l s  p r o v i d e s  h i g h - q u a l i t y  f l o w  t o  t h e  t e s t  
m o d e l .  The t e s t  s e c t i o n  i s  21 i n .  w i d e  a t  t h e  
d o w n s t r e a m  end  and  1 5  t o  2 8  i n .  h i g h  d e p e n d i n g  on 
t h e  Mach number b e i n g  s e t .  The t e s t  s e c t i o n  
l e n g t h  i s  a p p r o x i m a t e l y  6 f t .  The t e s t  s e c t i o n  
s i d e w a l l s  a r e  r e m o v a b l e  p r o v i d i n g  e a s y  a c c e s s  t o  
t h e  t e s t  m o d e l .  A c r e s c e n t - t y p e  model  s u p p o r t  s y s -  
t e m  p r o v i d e s  r e m o t e  c o n t r o l  o f  t h e  model  a n g l e - o f -  
a t t a c k  o v e r  a 30" r a n g e .  A d i f f u s e r  p r o v i d e s  
pump ing  c a p a b i l i t y  t o  a l l o w  s i m u l a t i o n  o f  a t e s t  
s e c t i o n  a l t i t u d e  r a n g e  f rom 8 5  000 to  220  000 f t .  
The d i f f u s e r  t h r o a t  i s  r e m o t e l y  a c t u a t e d  d u r i n g  
o p e r a t i o n  t o  a i d  i n  n o r m a l  s h o c k  p o s i t i o n i n g .  A 
t u n n e l  a f t e r c o o l e r  r e d u c e s  t h e  a i r  t e m p e r a t u r e  t o  
a b o u t  560  " R  b e f o r e  t h e  a i r  i s  r o u t e d  back t o  t h e  
c o m p r e s s o r s .  
The 2 1 - i n .  HWT became o p e r a t i o n a l  a t  t h e  J e t  
P r o p u l s i o n  L a b o r a t o r y  ( J P L )  i n  1 9 5 9 .  The iiWT was 
u s e d  i n  s u p p o r t  o f  a v a r i e t y  o f  D e p a r t m e n t  of 
D e f e n s e  d n d  NASA m i s s i l e  a n d  space  v e h i c l e  p r o -  
g r a m s .  B a s i c  r e s e a r c h  p r o g r a m s  were  c o n d u c t e d  t o  
i n v e s t i g a t e  t u r b u l e n t  b o u n d a r y  l a y e r  d e v e l o p m e n t  
and  l a m i n a r  b o u n d a r y  l a y e r  t r i p p i n g  and  s t a b i l i t y .  
The HWT c e a s e d  o p e r a t i o n  i n  1975 and  was l e f t  i n  a 
s t a n d b y  c o n d i t i o n .  I n t e r e s t  was g e n e r a t e d  i n  1987 
i n  r e a c t i v a t i n g  t h e  HWT t o  s u p p o r t  t h e  NASP. How- 
e v e r ,  r e a c t i v a t i o n  o f  t h e  HWT was n o t  p u r s u e d  a n d  
c o n s i d e r a t i o n  was g i v e n  t o  m o v i n g  t h e  HWT t o  
a n o t h e r  NASA c e n t e r .  NASA Leiwis a g g r e s s i v e l y  p u r -  
sued  o b t a i n i n g  t h e  HWT for- t h r e e  p r i m a r y  r e a s o n s .  
F i r s t ,  w i t h  NASA L e w i s '  e f f o r t s  t o  expand  i t s  a e r o -  
n a u t i c s  p r o p u l s i o n  r e s e a r c h  p r o g r a m  t o  h i g h e r  Mach 
numbers t h e  HWT becomes a n  e x c e l l e n t  a e r o d y n a m i c  
t e s t  f a c i l i t y  t o  c o n d u c t  s u b - s c a l e  model  e x p e r i -  
men ts  and  h i g h - q u a l i t y  v a l i d a t i o n  e x p e r i m e n t s  for  
c o m p u t a t i o n a l  f l u i d  d y n a m i c s  f low code  d e v e l o p m e n t .  
S e c o n d l y ,  t h e  HWT i s  i n  g o o d  c o n d i t i o n  a n d  pos- 
s e s s e s  e x c e l l e n t  c a p a b i l i t i e s  - l a r g e  Mach and  
R e y n o l d s  number r a n g e s  c o u p l e d  w i t h  e x c e l l e n t  f low 
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q u a l i t y .  The o p e r a t i n g  e n v e l o p e  as shown i n  
F i g .  1 3 .  T h i r d l y ,  a c q u i s i t i o n  o f  t h e  HWT i s  con -  
s i d e r e d  t o  be t i m e l y  a n d  cost e f f e c t i v e  - t h e  
r e p l a c e m e n t  c o s t  i s  p r o j e c t e d  t o  be o v e r  t h r e e  
t i m e s  t h e  r e h a b i l i t a t i o n  c o s t .  As a r e s u l t  o f  i t s  
a d v o c a c y  e f f o r t s  NASA L e w i s  was g i v e n  a p p r o v a l  and  
f u n d i n g  t o  d i s m a n t l e  a n d  s h i p  t h e  t u n n e l  compo- 
n e n t s .  I n  t h e  l a s t  h a l f  o f  1988 t h e  e n t i r e  t u n n e l  
l o o p ,  i n c l u d i n g  d r i v e  c o m p r e s s o r s ,  was d i s m a n t l e d  
and  s h i p p e d .  The components p r e s e n t l y  a r e  b e i n g  
s t o r e d  a t  NASA L e w i s '  Plum B r o o k  S t a t i o n  u n t i l  
f u n d i n g  i s  a p p r o v e d  t o  r e c o n s t r u c t  t h e  t u n n e l  a t  
NASA L e w i s .  C u r r e n t l y ,  a F Y  91 CoF p r o j e c t  i s  
b e i n g  a d v o c a t e d  t o  p r o v i d e  t h e  f u n d i n g  t o  r e c o n -  
s t r u c t  t h e  HWT. The c o s t  e s t i m a t e  i s  a p p r o x i m a t e l y  
$11 m i l l i o n .  O v e r  t h e  p a s t  s e v e r a l  m o n t h s  a t u n n e l  
s i t e  s t u d y  was c o n d u c t e d  and  a s i t e  s e l e c t e d .  Work 
i s  c u r r e n t l y  underway  t o  c o n d u c t  t h e  d e t a i l e d  e n g i -  
n e e r i n g  s t u d i e s  a n d  d e s i g n s  r e q u i r e d  t o  s u p p o r t  t h e  
CoF p r o j e c t .  Based  on c u r r e n t  s c h e d u l e s ,  t h e  
2 1 - i n .  HWT w o u l d  become o p e r a t i o n a l  b y  m id -1993 .  
C o n c l u d i n g  Remarks 
T h i s  p a p e r  was i n t e n d e d  t o  p r o v i d e  a b r i e f  
summary o f  a c t i v i t i e s  underway  a t  NASA L e w i s  
R e s e a r c h  C e n t e r  to d e v e l o p  new h igh- ;peed ( h y p e r -  
s o n i c !  f a c i l i t y  c a p a b i l i t y  t o  s u p p o r t  a v a r i e t y  of 
e v o l v i n g  r e s e a r c h  p r o g r a m s .  W h i l e  none s f  t h e s e  
new f a c i l i t y  c a p a b i l i t i e s  may be s i n g u l a r l y  u n i q u e  
w i t h i n  t h e  i n d u s t r y ,  t h e y  c o l l e c t i v e i y  e n a b l e  NASA 
L e w i s  to  s i g n i f i c a n t l y  expand  i t s  i n - h o u s e  r e s e a r c h  
a c t i v i t i e s  i n  t h e  h i g h - s p e e d  a r e a  and  a t  t h e  same 
t i m e  p r o v i d e  q u a l i t y  t e s t  f a c i l i t i e s  for c o o p e r a -  
t i v e  p r o g r a m s  w i t h  i n d u s t r y ,  academe, a n d  o t h e r  
g o v e r n m e n t  a g e n c i e s .  
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